O changes are often assumed to be globally synchronous, but studies comparing 2-9 radiocarbon-dated records over the most recent deglaciation (Termination 1) have proposed differences in the timing of benthic δ
Introduction
The δ 18 O of benthic foraminiferal calcite reflects the combined effects of continental ice volume (sea level), deep water temperature, and the δ 18 O of seawater at the location of deep water formation, as influenced by evaporation, precipitation, and glacial meltwater. Because benthic δ 18 O records are similar globally, they are often used to correlate ages between ocean sediment cores on local to global scales. Global δ 18 O stacks (averages) of aligned δ 18 O records also provide orbital-scale chronostratigraphic tools with better signalto-noise ratios than individual records. However, mounting evidence suggests that benthic δ
18
O is not globally synchronous and, thus, is unsuitable for global-scale correlations during glacial terminations.
High-resolution planktonic 14 C age models from two cores indicate that during the middle of the last termination deep Pacific benthic δ 18 O lagged the deep North Atlantic by 3900 years [Skinner and Shackleton, 2005] . Analysis of sedimentation rates from 33 sites suggests an average Pacific lag of 1600 year during the last five terminations [Lisiecki and Raymo, 2009] . Skinner and Shackleton [2005] proposed that the Pacific lag was due to a delayed temperature response, while several subsequent modeling studies have investigated the role of δ 18 O transit time [Wunsch and Heimbach, 2008; Ganopolski and Roche, 2009; Primeau and Deleersnijder, 2009; Siberlin and Wunsch, 2011; Friedrich and Timmermann, 2012; Gebbie, 2012] .
Other studies have focused on identifying the age at which Termination 1 begins in different regions. Labeyrie et al. [2005] found that the termination onset occurred first at intermediate depths in the North Atlantic and Indian Oceans at 17.0 kyr B.P. and then 1000-1500 years later in the deep North Atlantic and Pacific. Waelbroeck et al. [2011] identified the benthic δ 18 O termination onset at 17.5 kyr B.P. in the intermediate North and South Atlantic, 17 .0 kyr B.P. in the deep North Atlantic, and 16.0 kyr B.P. in the deep South Atlantic. Vast regions of the ocean are represented by single-core locations in these studies, raising the question of whether the observed age differences in benthic δ
O are truly regional in scale.
In this paper, we fill the void between global stacks and comparisons of individual records by generating seven regional benthic δ
O stacks with independent radiocarbon age models. Compared to previous longer regional benthic δ
O stacks, our new high-resolution stacks are based on many more records, provide improved geographic coverage, and have significantly improved age models [Labeyrie et al., 1987; Bassinot et al., 1994 ; Supporting Information:
• Readme • Table S1 • Table S2 • Table S3 • Table S4 • Text S1
• Figure S1 • Figure S2 Cramer Lisiecki and Raymo, 2009] . These regional stacks provide useful tools for developing stratigraphically aligned age models for cores without high-resolution 14 C age models, data for comparison with modeling efforts, and insights into glacial and deglacial climate processes. For example, compilation studies that rely on global-scale δ
O chronostratigraphies can only produce coarse age models appropriate for orbital-scale, but not millennial-scale, applications [e.g., Oliver et al., 2010] . Our regional stacks can be used to test whether the most recent maximum in benthic δ
O was globally synchronous and corresponds to the Last Glacial Maximum (LGM), as commonly assumed for mapping LGM sea surface temperatures [CLIMAP Project Members, 1981; MARGO Project Members, 2009] and deep water mass boundaries [Raymo et al., 1990; Curry and Oppo, 2005] . Regional stacks can also help assess the uncertainty associated with global stacks, which assume globally synchronous δ 18 O changes [Imbrie et al., 1984; Pisias et al., 1984; Martinson et al., 1987; Lisiecki and Raymo, 2005] . Finally, proxy compilation studies that limited themselves to radiocarbon-dated marine records [e.g., Shakun et al., 2012] might include more records if regional benthic δ
O chronologies were available to generate reliable age estimates for cores without 14 C dates.
Methods

Overview
Seven different regional stacks are generated using 252 previously published benthic δ
18
O records and 852 planktonic radiocarbon dates from 61 of those cores (Figure 1 and Table S1 and Figure S1 in the supporting information). Each of the seven stacks has an age model based on combining planktonic 14 C measurements from multiple cores within that region by assuming that benthic δ
O is synchronous within each region (but not necessarily between regions). This produces seven regionally averaged age models based on Table S1 for a complete list of cores and data references. completely independent sets of 14 C dates (Figure 2 ). We also aligned benthic δ
O from cores without 14 C dates to include in the regional stacks, but these records do not contribute to the age models.
Before δ
18 O values are averaged to create the regional stacks, each benthic δ 18 O record is placed on its regional radiocarbon age model by converting from aligned target depth to 14 C-based calendar years using its regional 14 C compilation. Because each region has a different mapping (colored lines in Figure 2 ) from alignment target (x axis) to 14 C age (y axis) using only 14 C dates from that region, the same target depth is matched to a different 14 C age depending on a core's region. Thus, benthic δ
18
O data from each region are assigned a different independent 14 C age model. [Kallel et al., 1988; Matsumoto et al., 2002; Curry and Oppo, 2005] . Although previous benthic δ 18 O comparisons defined depths of 1000-2200 m as intermediate and >3000 m as deep [Labeyrie et al., 2005; Waelbroeck et al., 2011] , we find that our results are not greatly affected by small shifts in the boundary between our intermediate and deep regions.
Regional 14 C Age Models
An initial radiocarbon age model was generated for each of the 61 dated cores using that core's radiocarbon dates, the Bayesian age modeling software Bacon [Blaauw and Christen, 2011] , the Marine13 calibration [Reimer et al., 2013] , and constant 405 14 C yr reservoir ages. Bacon was used to estimate the ages of specified depths throughout each radiocarbon-dated core, including robust Monte Carlo uncertainty estimates that increase with distance from 14 C dates. C dates from all Atlantic cores are plotted versus the GICC05 age model based on alignment with MD95-2042. The final age models for each regional stack are based on radiocarbon ages (y axis) rather than depth or GICC age (x axis). [ Pahnke and Zahn, 2005] using the automated alignment software Match [Lisiecki and Lisiecki, 2002] . We refer to these two reference records as alignment "targets." We chose two targets because (1) Atlantic/Pacific benthic δ 18 O differences have been shown using a fairly large number of records [Lisiecki and Raymo, 2009] C dates over the entire range of the age models. For example, the intermediate Pacific age model is based on averaging age estimates from seven cores at 1.0 m (based on alignment to MD97-2120 depth) and from twelve cores at 3.0 m (MD97-2120 depth). We only calculate a regional age model for aligned depths that are spanned by at least two cores with radiocarbon age estimates, and we fix all the age models at 0 kyr B.P. Our choice of 10 cm depth spacing in MD97-2120 corresponds to an average of about 600 years on the intermediate Pacific age model. Age model development for the deep Indian and deep Pacific followed the same methodology as described for the intermediate Pacific, except that only ages from cores located within these regions were used. Radiocarbon measurements from the alignment target (MD97-2120) are included in the intermediate Pacific age model and are equally weighted with dates from other cores in the region. Age estimates from MD97-2120 are not included in the deep Indian or deep Pacific age models (Figures 2b and 2c ).
The four regional Atlantic age models were similarly developed, except that we used MD95-2042 on the Greenland Ice Core Chronology 2005 (GICC05) age model [Svensson et al., 2008; Stern and Lisiecki, 2013] as the alignment target (Figures 2d-2g) . Instead of averaging the available age estimates every 10 cm on the MD97-2120 depth scale, we averaged age estimates across all available cores every 500 years on based on their alignment to MD95-2042 on the GICC05 age model. We emphasize here that the MD95-2042/GICC05 age model only represents an intermediate step in the construction of our regional Atlantic age models, effectively providing a set of aligned depths that are more evenly spaced in time for creating the various Atlantic age models. Final regional age models are based only on the average of radiocarbon age estimates from the cores in each region (e.g., MD95-2042 14 C ages are only included in the deep North Atlantic age model) and the GICC05 age estimates are not included in our radiocarbon age models.
Monte Carlo samples (n = 10,000) of age estimates for each core were generated by Bacon and propagated through our entire regional age model generation procedure to provide robust 95% confidence intervals for our age models (Table S2 in the supporting information) assuming constant reservoir ages. These uncertainty estimates implicitly include the effects of any errors in benthic δ
18
O alignment because alignment errors would increase scatter in the radiocarbon compilations (by aligning portions of cores with different ages) and, thus, increase our age uncertainty estimates. Because our uncertainty estimates do not include possible reservoir age changes, we do not use dates from Atlantic cores located north of 40°N where large-scale reservoir age changes are likely [Stern and Lisiecki, 2013] . The evidence for and possible effects of reservoir age changes in other regions are discussed in section 4.3. (Table S1 in the supporting information). We used species-correction factors from the original publication of the records where available or applied widely accepted values (Table S3) . We follow the conventional assumption that Uvigerina spp. δ 18 O calcify in equilibrium with surrounding seawater [Shackleton, 1974; Fontanier et al., 2006] , but a few studies suggest that Cibicidoides species may record equilibrium conditions at some Pacific sites [Ohkushi et al., 2003; Nürnberg et al., 2004; Herguera et al., 2010] . Although a few benthic foraminiferal species may have timedependent δ 18 O offsets , we do not include data from these species in our stacks.
Benthic
We stacked the δ
18
O records by averaging all available benthic δ
O values within evenly spaced time intervals on the regional 14 C age models. Because we average individual measurements within each interval (instead of using interpolated values), high-resolution records have a greater influence on the O values than the deep stacks. All the stacks exhibit long-term increases from about 40 to 20 kyr B.P. with superimposed millennial-scale variability during the glacial period; prominent millennial-scale decreases occur during Heinrich stadials and at~36.5 and~27.5 kyr B.P. (Figures 3 and 4) . However, we refrain from interpreting these millennial-scale features because age model uncertainties are larger during the glacial period (95% confidence interval (CI) generally around ±1000-2000 years) and these small magnitude events are not reproducible for different sets of alignments (section 4.1).
The Last Glacial Maximum (LGM), which is defined as 19-26 kyr B.P. based on sea level and ice volume reconstructions [Clark et al., 2009] [Ostermann and Curry, 2000] ; however, the effect on our stacks should be minor due to the large number of cores used.
Termination 1 Timing
By defining the termination onset as the first stacked δ 18 O point that is at least 0.1‰ lighter than the maximum δ 18 O value (Table 2) , we identify a 4000 year difference between the earliest termination onset at 18.5 (95% CI: 17.9-19.0) kyr B.P. in the intermediate South Atlantic and the latest termination onset at 14.5 (14.1-15.0) kyr B.P. in the deep Indian (Figure 5a ). The deep Indian termination onset occurred across the transition into the Bølling-Allerød and is corroborated by all four dated records that constrain the deep Indian age model (see discussion in section 4.6). The termination onset occurs at 17.5 kyr B.P. in the deep North (Figure 5d ).
Although the deep Atlantic and deep Pacific stack both have termination onsets at 17.5 kyr B.P., a deep Pacific lag compared to the deep North Atlantic is evident in the middle of the termination (Figure 5b) . We estimated the average deep Pacific lag relative to the deep North Atlantic during the termination using two techniques. First, we compared the sum of squared differences over the termination (17.5 to 7.5 kyr B.P.) between the two stacks using their original age models and then shifting the deep Pacific stack older by 0-4000 years in increments of 500 years. The minimum sum of squared differences (i.e., the best agreement between the stacks) occurred when the deep Pacific stack was shifted 1000 years older. This result is not sensitive to small changes in the age window used to define the termination. Next, we calculated the age difference between the stacks at even 0.1‰ increments by interpolating along the two age models. O reversal in one of the stacks, we used the smaller age difference in our calculation of the average. The average of these age differences is 800 years, with a maximum age difference of 1700 years occurring at 4.2‰, in the middle of the termination. We conclude that deep Pacific benthic δ
18
O lagged deep North Atlantic benthic δ
O by an average of~1000 years during the termination, with a maximum lag of 1700 years during the middle of the termination.
Discussion
Sensitivity to Alignment Target
We test the robustness of our stacks and age models by making different versions of the intermediate North and South Atlantic stacks using different alignment targets (particularly selecting cores from within each region to use as targets). Our primary set of alignments use MD95-2042 (from 3146 m on the Iberian Margin) as the Atlantic target core and MD97-2120 (from 1210 m near New Zealand) as the Indian and Pacific target core. We made two additional intermediate North Atlantic stacks with different alignment targets, Ocean Drilling Program (ODP)983 [Channell et al., 1997; Raymo et al., 2004] and M35003-4 [Rühlemann et al., 2004] on their own depth scales. Similarly, we made an additional intermediate South Atlantic stack using GeoB1711 [Little et al., 1997; Vidal et al., 1999] as the target. In all stacks for a given region, the timing of early deglacial features, including termination onsets, is consistent regardless of alignment target ( Figure S2 in the supporting information). Therefore, we conclude that termination onset ages are not biased by choice of alignment target, including the use of targets from outside that region (e.g., intermediate North Atlantic records aligned to MD95-2042, a deep North Atlantic target).
Glacial millennial-scale features, however, do appear to be sensitive to the choice of target core. All versions of the intermediate North and South Atlantic stacks exhibit some millennial-scale variability during the glacial period, but most of these features are not reproducible ( Figure S2 in the supporting information) . Some of the differences are likely due to the influence of the target core itself, with each stack tending to reproduce the millennial-scale features present in its alignment target. Because two different targets from within the same region (ODP983 and M35003-4) produce different millennial-scale features, we could not confidently interpret these features even if each regional stack used an alignment target from within that region. Instead, using one Atlantic and one Indo-Pacific target allows future studies to redefine region boundaries without having to realign cores to different regional targets. Lastly, we caution that millennial-scale features are not well-defined in many cores; thus, their alignment is somewhat subjective and may differ between researchers even if the same alignment target were used. In contrast, alignment of the glacial termination is less subjective and more easily reproducible. caution should be used when comparing the relative timing of changes between the North and South Pacific using our Pacific age models.
Benthic
Marine 14 C Reservoir Ages
A reservoir age is the difference between the radiocarbon age of the surface ocean and the contemporaneous atmosphere and is required for calibrating marine radiocarbon ages to calendar ages. Careful consideration of reservoir ages is critical to our study because past reservoir ages may have varied by >1000 14 C yr at particular locations (see below) and reservoir ages are spatially correlated. The modern (prebomb) global mean reservoir age is 405 14 C yr [Reimer et al., 2013] , and modern reservoir ages at the sites used in our compilation range from about 300 to 900 14 C yr. We use constant 405 14 C yr reservoir ages throughout this study.
Atlantic Reservoir Ages
Because regionally averaged high-latitude North Atlantic reservoir ages increased to >1000 14 C yr from 18.5 to 16.5 kyr B.P. and 900-1000 14 C yr during the Younger Dryas [Stern and Lisiecki, 2013] , the North Atlantic age models presented in this study are based only on dates from cores located south of 40°N. Low-latitude North Atlantic reservoir ages probably remained within a couple hundred years of the modern average, and the same is likely true of the low-latitude South Atlantic (see discussion in Stern and Lisiecki [2013] ). Our intermediate South Atlantic age model is constrained by dates from four cores located between 20 and 30°S, but the deep South Atlantic age model includes cores from as far south as 44°S.
In the high-latitude South Atlantic, Skinner et al. [2010] reported increased surface reservoir ages from 23 to 16.5 kyr B.P. and around 13.2 kyr B.P. for MD07-3076 (44°S), with peak reservoir ages >2000 14 C yr during the early deglaciation. We use a constant 405 14 C yr reservoir age for this site in our deep South Atlantic age model, but excluding dates from this core or using Skinner et al. 's [2010] increased reservoir ages only shifts the deep South Atlantic stack by a maximum of 100-200 years younger during the termination (and has no effect on the termination onset timing). The effect of excluding or shifting the age model of this single core is small on our regionally averaged age model because our deep South Atlantic age model represents the average of age estimates from 5 to 6 dated cores over the termination. Skinner et al. [2010] argue for constant reservoir ages at 41°S in the South Atlantic, suggesting that the reservoir age increases recorded in MD07-3076 may be a local phenomenon (or, at least, limited to ≥44°S). Previous studies use constant reservoir ages between 400 and 800 14 C yr for the cores from 41 to 43°S that are included in our deep South Atlantic age model [Becquey and Gersonde, 2003; Piotrowski et al., 2004; Molyneux et al., 2007] . Molyneux et al. [2007] 
Pacific Reservoir Ages
Reservoir age estimates near New Zealand have been estimated by comparing terrestrial and planktonic foraminiferal 14 C dates from near six tephra layers [Sikes et al., 2000] . Reservoir ages were estimated to bẽ 400-500 14 C yr for most of the interval from 0 to 17.5 kyr B.P., 800 14 C yr in the middle of the Bølling-Allerød, and~2000 14 C yr during the Kawakawa Ash (27.1 kyr B.P. ± 1 kyr) [Lowe et al., 2008] . Pahnke et al. [2003] originally assumed constant reservoir ages for core MD97-2120, also from near New Zealand, but later updated their age model for this core using the Sikes et al. [2000] reservoir ages [Pahnke and Zahn, 2005] . However, Carter et al. [2008] found no evidence for an exceptionally large reservoir age at the time of the Kawakawa Ash in another nearby New Zealand core, showing that the magnitude and extent of this possiblẽ 27 kyr B.P. reservoir age increase is still very uncertain.
Using Bacon and constant 405 14 C yr reservoir ages, we calculate an age of 23.1 (20.3-28.2) kyr B.P. for the Kawakawa Ash in MD97-2120 using only that core's dates, or 25.5 (23.9-27.0) kyr B.P. using our intermediate Pacific age model. The age of the ash in the CHAT1K core (which does not have radiocarbon dates) on the deep Pacific age model is 26.4 (25.3-27.4) kyr B.P. Thus, there is reasonable agreement between the age of the Kawakawa Ash in MD97-2120 and CHAT1K on our age models and the estimate of 27.1 kyr B.P. ± 1 kyr [Lowe et al., 2008] . Allowing for a~2000 14 C yr reservoir age at MD97-2120 would make our ash age estimates even younger and significantly worsen this agreement, suggesting that this reservoir age increase is unlikely.
Data from Sikes et al. [2000] and Carter et al. [2008] support reservoir ages of 600-800 14 C yr near New Zealand from the middle of the Bølling-Allerød (BA) into the Younger Dryas (YD). Our ages for MD97-2120 and Deep Sea Drilling Project 540 (both from the Chatham Rise) are indeed older than the average intermediate Pacific age model during this interval, while our ages from H214 (Bay of Plenty) are slightly younger than the average deep Pacific age model at this time. Thus, our results are consistent with a small reservoir age increase during the BA/YD near New Zealand but suggest that this increase was probably restricted to southern sites. However, this small change in BA/YD reservoir ages near southern New Zealand is within the uncertainty of our age models and not significant given the resolution of our stacks.
Reservoir ages between 1000 and 1700 14 C yr have been observed during the first half of the deglaciation in MD01-2416 and MD02-2489 from the high-latitude (>50°N) North Pacific [Sarnthein et al., 2007; Gebhardt et al., 2008] . Additionally, in the northern South China Sea, Sarnthein et al. [2007] reconstructed reservoir ages up to~2000 14 C yr during the LGM and early deglaciation in core GIK17940. However, these three Pacific cores do not show any significant deviations from our mean age models in the intervals where increased reservoir ages have been proposed. Thus, excluding dates from these sites would have a negligible effect on our age model. These results could be consistent with either (1) relatively small reservoir age changes at these sites, (2) diachronous δ 18 O change that is disguised by reservoir age change, or (3) pervasive reservoir age changes throughout the Pacific.
Summary
In summary, possible past reservoir age variability is probably least problematic for our intermediate North Atlantic, deep North Atlantic, and intermediate South Atlantic age models, where all the dated records are from <40°latitude and reservoir ages likely remained within a couple hundred years of modern. The deep South Atlantic age model is less certain because it contains ages from higher latitude sites. Even a~2000 14 C yr reservoir age increase at MD07-3076 would have only a minor effect on our deep South Atlantic age model, but similarly large reservoir ages throughout the high-latitude (e.g., >40°S) South Atlantic would shift the stack up to~1000 years younger. The effect of increasing reservoir ages in the Pacific or Indian would be to shift those age models younger, increasing the Pacific lag relative to the Atlantic or making the deep Indian termination onset even later.
Intermediate Atlantic Termination Responses
The termination onset in our intermediate North Atlantic stack is 17. 5 (16.8-18. 3) kyr B.P. and has a relatively wide 95% confidence interval that overlaps with the intermediate South Atlantic at 18.5 (17.9-19.0) kyr B.P. However, our estimated age of 17.5 kyr B.P. for the intermediate North Atlantic termination onset is in good agreement with previous compilations [Sarnthein et al., 1994; Waelbroeck et al., 2011] , and several lines of evidence suggest that the intermediate North Atlantic onset occurred no earlier than 17.5 kyr B.P. The welldated intermediate North Atlantic core M35003-4 (12°N) , which is included in our age model calculation, shows a clear termination onset at 17.5 kyr B.P. [Rühlemann et al., 1999 , Rühlemann et al., 2004 Hüls and Zahn, 2000] . Two radiocarbon dates near the termination onset in another core from the stack (PO200-10-6-2, 38°N) also corroborate this timing [Baas et al., 1997] .
The age of the intermediate North Atlantic termination onset can also be constrained by comparing the phase of benthic δ 18 O relative to ice-rafted debris (IRD) in individual cores. The stratigraphy and timing of North Atlantic IRD deposits during the beginning of the last deglaciation are well known, with so-called precursor IRD beginning around 18 kyr B.P., an initial IRD peak at 17 kyr B.P. (termed Heinrich Event 1), and a later, larger IRD peak at 16 kyr B.P. [e.g., Stern and Lisiecki, 2013] . In intermediate North Atlantic cores with both benthic δ
18
O and IRD, the termination onset consistently occurs near the same depth as an IRD peak [Venz et al., 1999; Van Kreveld et al., 2000; Thornalley et al., 2010] , thus suggesting termination onsets between around 16.0 and 17.5 kyr B.P. However, because these sites are all from high latitudes (55-65°N), they are not included in the intermediate North Atlantic age model due to likely reservoir ages changes. For example, Thornalley et al. [2010] place the intermediate North Atlantic termination onset around 16.5 kyr B.P. in three cores taken just south of Iceland from 1200 to 2300 m depth, using age models with~2000 14 C yr reservoir ages. Similar reservoir ages at SO82-5-2 (59°N) would yield a termination onset age of~17 kyr B.P. using that core's planktonic 14 C dates [Van Kreveld et al., 2000] . A somewhat smaller reservoir age closer to 1000 14 C yr, as suggested by Stern and Lisiecki [2013] , would shift the termination onset at SO82-5-2 into excellent agreement with our stack's low-latitude age model. Thus, additional constraints from high-latitude radiocarbon ages as well as the relative phase between benthic δ 18 O and IRD make it unlikely that the intermediate North Atlantic termination onset occurred any earlier than 17.5 kyr B.P.
Waelbroeck et al. [2011] proposed synchronous intermediate North and South Atlantic benthic δ
18
O termination onsets at 17.5 kyr B.P. associated with Atlantic Meridional Overturning Circulation (AMOC) changes triggered by Heinrich Event 1 melting. However, we find that the intermediate South Atlantic termination onset at 18.5 (17.9-19.0) kyr B.P. significantly preceded peak Heinrich Event 1 ice-rafted debris at 17.0 (16.7-17.3) kyr B.P. [Stern and Lisiecki, 2013] . Thus, the initial deglacial benthic δ [Bassett et al., 2005; Clark et al., 2012; Carlson and Clark, 2012, and references therein] . Global eustatic line [Bassett et al., 2005; Clark et al., 2009 Clark et al., , 2012 Carlson and Clark, 2012] . Circles show sea level data from [Bard et al., 1996; Cutler et al., 2003; Peltier and Fairbanks, 2006] . (d) Temperature stacks: global (black), northern hemisphere (red), and southern hemisphere (blue) [Shakun et al., 2012] . (e) Ice-rafted debris (IRD) stack [Stern and Lisiecki, 2013]. in the Atlantic probably remained within a few hundred years of modern. To shift the intermediate South Atlantic stack into agreement with the intermediate North Atlantic termination onset age would require reservoir ages of~1500 14 C yr, which are quite unlikely in the subtropical Atlantic.
Sea level rise at 19 kyr B.P. was 5-10 m and came mostly from Northern Hemisphere ice sheets [Carlson and Clark, 2012] However, Northern Hemisphere meltwater at 19 kyr B.P. was sufficient to weaken the AMOC and initiate a bipolar seesaw response that caused widespread Southern Hemisphere surface warming beginning at 19 kyr B.P. [Shakun et al., 2012] . Therefore, warming was most likely the dominant contributor to the early intermediate South Atlantic termination onset ( Figure 6 ). Southern surface warming might have been transferred to the intermediate South Atlantic through the formation of Antarctic Intermediate Water (AAIW); however, it is currently a matter of debate whether AAIW expanded [Pahnke et al., 2008] or contracted [Xie et al., 2012] during this interval.
AMOC weakening at 19 kyr B.P. [e.g., Shakun et al., 2012; Stern and Lisiecki, 2013] [Stocker and Johnsen, 2003 ], but this is not a consistent feature across all models [Stocker et al., 1992 [Stocker et al., , 2007 Mignot et al., 2007; Liu et al., 2009] . [Carlson and Clark, 2012] . Scaling the glacial-interglacial 130 m sea level rise [Carlson and Clark, 2012] to the average seawater δ 18 O decrease of 1.05‰ [Adkins et al., 2002; Duplessy et al., 2002] Rühlemann et al., 2004; Marcott et al., 2011] and the other focusing on brine formation [e.g., Dokken and Jansen, 1999; Waelbroeck et al., 2011] . Distinguishing between these two hypotheses requires independent constraints on water mass properties and/or temperatures. Our intermediate North Atlantic stack could be consistent with warming, brine formation, or a combination of both but provides the constraint that these mechanisms must account for the magnitude of the observed δ 
Deep Indian Termination Timing
The latest termination onset occurs in the deep Indian stack at 14.5 kyr B.P. This late onset cannot be an artifact of surface reservoir age change because increasing Indian reservoir ages would shift the age model even younger while decreasing reservoir ages could shift the stack older by at most~400 years. Such a late deep Indian termination onset was not predicted by modeling studies that addressed the timing of deglacial benthic δ
18
O changes [Wunsch and Heimbach, 2008; Ganopolski and Roche, 2009; Primeau and Deleersnijder, 2009; Siberlin and Wunsch, 2011; Friedrich and Timmermann, 2012; Gebbie, 2012] , which suggests that something important is missing from our understanding of HS1 ocean circulation changes and water mass properties.
The late deep Indian benthic δ 18 O response could result from slow transport of the deglacial δ 18 O signal to the deep Indian Ocean in general or to a specific region within it, as data coverage is sparse. The four dated records from the deep Indian Ocean in our compilation come from a narrow depth range (3200-3300 m), with three cores from between 40 and 50°S and one from the Arabian Sea ( Figure 1 and Table S1 in the supporting information). However, a similarly late termination onset was also observed in a slightly deeper core (3420 m) from 40 to 50°S [Smart et al., 2010] and at 3800 m near the southern tip of India [Piotrowski et al., 2009] . In contrast, a 14 C-dated Indian Ocean record from 2100 m shows a much earlier termination onset [Waelbroeck et al., 2006] . So, while the spatial extent of the late Indian Ocean termination onset remains uncertain, intermediate depths probably did not experience this extreme delay.
The heavy HS1 δ 18 O values in the deep Indian could be caused by regional water mass properties.
Glacioeustatic effects are only expected to cause up to a 0.25‰ decrease in global average benthic δ
O over HS1, so most of the large HS1 decreases in the other regional stacks are due to nonglacioeustatic effects. A 1°C cooling or small salinity increase could mask the glacioeustatic δ
O decrease in the deep Indian. Very saline waters have been observed during the LGM in the Red Sea [Siddall et al., 2003] and deep Southern Ocean [Adkins et al., 2002] , and Gebbie [2012] proposed that the δ One interesting possibility is that a relatively late termination onset may occur at 3000-4000 m throughout the Southern Hemisphere. Ferrari et al. [2014] propose that most of the deep ocean was isolated from mixing with intermediate-depth water during the LGM and that maximum South Atlantic ventilation ages (2000-3750 years) occurred at middepths [e.g., Skinner et al., 2010] , sandwiched between younger waters above [Burke and Robinson, 2012] and below . Potentially, middepth southern water remained isolated from mixing with δ 18 O-depleted meltwater throughout most of HS1 and, therefore, experienced a delayed Termination 1 onset. This hypothesis is currently difficult to test because very few cores with radiocarbon data are available from 3000 to 4000 m in the middle-to high-latitude South Pacific and South Atlantic, and those sites that are available (e.g., MD07-3076, PS2489-2, and RS147-07) may be affected by surface reservoir age changes [e.g., Skinner et al., 2010] that would mask the identification of a late termination onset in our study. Therefore, the late deep Indian termination onset may only appear to be unique due to the availability of deep, southerly sites unaffected be surface reservoir change. Extra caution should be used when applying our deep South Atlantic and Pacific regional age models to sites from 3000 to 4000 m.
Alternatively, 3000-4000 m in the Indian Ocean may truly be the last place to mix with deglacial meltwater if the deep South Atlantic and deep South Pacific were ventilated more rapidly due to moderate mixing with northern intermediate water and possibly some deep water from the North Atlantic and North Pacific [e.g., Rae et al., 2014] . Better mapping the geographic extent of this late termination onset will require well-dated benthic δ
O records from the Indian Ocean, South Pacific, and South Atlantic. Radiocarbon age models for sites north of 40°S would be particularly helpful to reduce the chance of reservoir age changes.
Conclusions
Regional δ
18
O stacks with independent radiocarbon age models allow for more precise age control than correlation to a global stack and could be used by data compilation studies to allow for inclusion of cores which lack radiocarbon dating. Regional stacks also provide valuable targets for modeling efforts to understand deep water temperature changes and δ
O transport during the last deglaciation.
In our radiocarbon-dated regional benthic δ 18 O stacks, most regions experience δ
O maxima at the end of the LGM between 18.5 and 19.5 kyr B.P. while ages for the onset of Termination 1 vary by up to 4000 year ( Table 2 ). The earliest termination onset occurs in the intermediate South Atlantic at 18.5 kyr B.P., shortly after initial deglacial ice sheet melting at 19 kyr B.P. We find synchronous termination onsets in the deep North Atlantic, deep South Atlantic, and deep Pacific at 17.5 kyr B.P. However, the deep Pacific lags the deep North Atlantic by an average of~1000 years during the termination, with a maximum lag of 1700 year in the middle of the termination. The intermediate Pacific termination onset occurs at 16.5 kyr B.P., significantly later than both the intermediate South Atlantic and deep Pacific. Most surprisingly, we find that the deep Indian stack has an extremely late δ 18 O maximum (15.5 kyr B.P.), and its termination onset at 14.5 kyr B.P. is coincident with the transition into the Bølling-Allerød. The possibility exists that this late termination onset may also occur at 3000-4000 m in the South Atlantic and South Pacific.
